Abstract Migration of HIV infected cells into the CNS is associated with a spectrum of neurological disorders, ranging from milder forms of HIV-associated neurocognitive disorders (HAND) to HIV-associated dementia (HAD). These neuropsychiatric syndromes are related to the neurodegenerative pathology triggered by the release of HIV proteins and cytokine/chemokines from monocytes/macrophages into the CNS -a condition known as HIV encephalitis (HIVE). As a result of more effective combined anti-retroviral therapy patients with HIV are living longer and thus the frequency of HAND has increased considerably, resulting in an overlap between the neurodegenerative pathology associated with HIVand that related to aging. In fact, HIV infection is believed to hasten the aging process. The mechanisms through which HIV and aging lead to neurodegeneration include: abnormal calcium flux, excitotoxicity, signaling abnormalities, oxidative stress and autophagy defects. Moreover, recent studies have shown that defects in the processing and transport of neurotrophic factors such as fibroblast growth factors (FGFs), neural growth factor (NGF) and brain-derived growth factor (BDNF) might also play a role. Recent evidence implicates alterations in neurotrophins in the pathogenesis of neurodegeneration associated with HAND in the context of aging. Here, we report FGF overexpression curtails gp120-induced neurotoxicity in a double transgenic mouse model. Furthermore, our data show disparities in brain neurotrophic factor levels may be exacerbated in HIV patients over 50 years of age. In this review, we discuss the most recent findings on neurotrophins and HAND in the context of developing new therapies to combat HIV infection in the aging population.
Introduction
Trafficking HIV infected mononuclear cells into the CNS is associated with a spectrum of neurological disorders, ranging from HIV-associated dementia (HAD) (Fauci 1988; Portegies et al. 1993) to milder forms of HIV-associated neurocognitive disorders (HAND) ). These neuro-psychiatric conditions have been related to the neurodegenerative pathology triggered by the migration of productively infected monocytes/macrophages into the CNS -a condition known as HIV encephalitis (HIVE) (Budka et al. 1987 (Budka et al. , 1991 Gendelman et al. 1994 Gendelman et al. , 1997 . In recent years, better combined anti-retroviral therapies (cARTs) have helped prolonged the life expectancy of HIV infected patients and have considerably reduced the incidence of HAD and HIVE (Letendre et al. 2007) . However, while patients with HIV are living longer (Fig. 1a) , their quality of life is challenged by the increasing incidence of HAND (Cherner et al. 2004; McArthur et al. 2010; Scott et al. 2011) . Thus, as the HIV seropositive population becomes older, interactions with co-morbidities associated with aging present a new variant of neuroAIDS, opening new challenges and needs in clinical therapies (Khanlou et al. 2005 (Khanlou et al. , 2009 (Fig. 1 ).
Complete eradication of the virus is not possible due to the persistence of latent forms of the virus integrated in the host genome (Bagasra et al. 1996; Jordan et al. 2003) . Previous studies have proposed that latent HIV-1 is present in the CNS (Wiley et al. 1999; Jordan et al. 2003; McCrossan et al. 2006) . In fact, it has been proposed that due to the low penetration of cART's into the CNS (Letendre et al. 2008; Varatharajan and Thomas 2009) , latent forms of the virus may represent a reservoir in the CNS (Alexaki et al. 2008; Redel et al. 2010) . The host mechanisms involved in suppressing HIV replication and mediating viral latency have therefore gained increased attention recently. In human microglial cells, the transcription factor BCL11B (a.k.a. CTIP2) was reported to inhibit HIV transcription by the recruitment of a chromatin-modifying complex to the long terminal repeat (LTR) region of the virus, establishing a heterochromatic environment around the site of viral insertion that results in HIV silencing (Marban et al. 2007 ). We recently reported that latent HIV-1 infection in the CNS was associated with increased levels of chromatin modifiers, including BCL11B that was associated with inflammation, neurodegeneration and neurocognitive impairment (Desplats et al. 2013) .
Cognitive impairment in HIV patients is related to the degeneration of selected neuronal populations in the striatum, cortex and limbic system (Masliah et al. 1992a (Masliah et al. , b, 1994 (Masliah et al. , 1996b . The mechanisms of neurodegeneration in aged individuals with HAND are not completely understood, however HIV activates apoptotic pathways (Kaul et al. 2001) , dysregulates calcium homeostasis (Lipton 1994; Lipton and Rosenberg 1994; Nath et al. 2000) , alters cell cycle signaling pathways such as CDK5 (Fig. 2 ) and promotes oxidative stress (Nath 2002; Norman et al. 2008) . Moreover, recent studies have shown that HIV proteins might interfere with clearance pathways such as autophagy (Alirezaei et al. 2008a, b; Zhou et al. 2011 ), a pathway necessary for protein quality control and elimination of defective older intracellular organelles (Cuervo 2004; Cuervo et al. 2005) . In aged individuals with HIV, autophagy is down regulated contributing to abnormal protein aggregation and toxicity (Fields et al. 2013) (Fig. 1b) .
In addition to these mechanisms, recent studies have shown that defects in the processing and transport of neurotrophic factors such as fibroblast growth factors (FGFs), neural growth factor (NGF) and brain-derived growth factor (BDNF) might also play a role both in aging and HIV and the mechanisms involved might synergize in older patients with HIV (Mocchetti et al. 2013; Woodbury and Ikezu 2013) (Fig. 1b) . Modern treatments with highly active antiretroviral therapy (HAART) regimens result in HIV suppression and immune recovery, however the prevalence of HAND and neurodegeneration (Budka et al. 1987; Wiley and Achim 1994; Gendelman et al. 1997; Cherner et al. 2007; Heaton et al. 2010 ) has remained the same or increased (Joska et al. 2010; Heaton et al. 2011) , in particular among people over the Fig. 1 The changing face of HIV epidemic as patients age. The average age of HIV infected people has increased dramatically. a The percentage of autopsies performed on HIV-infected individuals over the age of 50 has increased from less than 10 % in the 80's to over 30 % at present. b
Mechanisms that lead to HAND in individuals under 50 are exacerbated in individuals over 50 and furthermore after years of chronic neuroinflammation. Neurotoxins, inflammation and oxidative stress combined with normal aging processes may cause increased HAND in aged HIV patients HIV proteins bind to receptors on the cell's surface, and also cross the plasma membrane. Resulting in aberrations in Ca+homeostasis, activation of calpain 1, p35 cleavage to p25 that hyperactivates CDK5 resulting in aberrant phosphorylation of TAU, CRMP2 and others. The onslaught of HIV infection, neuroinflammation and HIV protein expression culminates in neurodegeneration and ultimately HAND age of 50 Fields et al. 2013) . Therefore, it is crucial to understand differences in HAND progression among HIV patients above and below the age of 50. In this review, we will discuss some studies implicating alterations in neurotrophins in the pathogenesis of neurodegeneration in HAND in the context of aging.
HIV proteins and neuropathogenesis
During productive HIV replication, permissive host cells including macrophages and microglia in the brain produce viral proteins. These proteins include but are not limited to HIV glycoprotein-120 (gp120), the HIV transactivator of transcription (tat) protein and viral protein R (Vpr). The neurotoxic potential of HIV proteins including gp120, tat, Vpr and others has been addressed by numerous studies (Nath 2002; Ellis et al. 2007) .
Gp120 is required for initial interaction with the CD4 receptor of host cells. Subsequent interaction of gp120 with co-receptors CXCR4 or CCR5 brings the virion and the host cell closer together so that gp41 can insert into the host cell membrane and facilitate virus entry. Tat is an early regulatory protein that significantly enhances viral DNA transcription by binding to the transactivation response (TAR) element in the LTR of the viral promoter. Vpr is incorporated into virions and transports the preintegration complex into the nucleus for viral integration into the host genome. Vpr also activates HIV-1 LTR transcription, and promotes cell-cycle arrest (Kogan and Rappaport 2011) .
Apart from their roles in the HIV life cycle, HIV proteins have secondary effects on neurons (Kovalevich and Langford 2012) . The negative effects of HIV proteins on neurons include disruption of calcium homeostasis, dysregulation of cell-cycle factors, induction of oxidative stress, impaired protein quality control and apoptosis. The effects on neurons are both direct and indirect. For example, the HIV envelope protein gp120 directly enhances neuronal NMDA-evoked calcium flux. Recent studies also show that gp120 contributes to synaptic dysfunction by interfering with NMDA receptor trafficking (Xu et al. 2011) . On the other hand, gp120 causes synaptic damage through upregulation of glia-derived inflammatory factors that in turn activates NMDA receptors (Lipton et al. 1991; Ushijima et al. 1993; Corasaniti et al. 1996 Corasaniti et al. , 1998 Medina et al. 1999; Geeraerts et al. 2006) .
Importantly, even during effective suppression of viral replication by cART, the production of early viral proteins, including tat, continues (Magnuson et al. 1995; Nath 2002; Chauhan et al. 2003; Li et al. 2009 ). In addition, tat has been shown to induce ryanodine receptor-mediated loss of calcium from the ER followed by the unfolded protein response and leading to pathologic dilatation of the ER in cortical neurons in vitro (Norman et al. 2008) . More recently, the protective effects of treating neurons with ketone bodies blocked tatmediated mitochondrial dysfunction and changes in cellular calcium levels (Hui et al. 2012) . Recently, studies have shown that tat-mediated neuronal dysfunction is dependent in part on small noncoding miRNA molecules (Chang et al. 2011) .
Some studies have suggested that Vpr is also an early viral protein because it is included in the infecting virion before de novo expression from proviral DNA (Maudet et al. 2013) . Studies have shown that Vpr can induce neuronal apoptosis indirectly by stimulating the NFκB -mediated production of inflammatory cytokines (Guha et al. 2012) . In this context, HIV proteins also have been shown to contribute to host-cell derived neurotrophic factor production and functioning as described below.
Neurodegeneration in patients with HAND: protective role of FGF's
The relationship between neurodegeneration, cognitive impairment and HIVE is complex. The brains of patients with HIVE display synapto-dendritic damage, neuronal loss and a spectrum of neuro-inflammatory alterations (Masliah et al. 1992b) (Fig. 3) . In addition, patients with AIDS show varying degrees of damage to the cerebral microvasculature and white matter. Increased viral load is associated with worsening neuronal damage that correlates with the onset of early cognitive impairment (Masliah et al. 1992b; Everall et al. 1999) . Cognitive impairment and neurodegeneration persists in the brains of aged HIV patients, including those with latent HIV in the brain (Desplats et al. 2013) . HIVE has shifted from a subacute neuroinflammatory condition to a chronic, more subtle disease process (Langford et al. 2003 (Langford et al. , 2006 with neurodegeneration particularly involving synapses and dendrites (Langford et al. 2011; Kovalevich and Langford 2012) (Fig. 3) .
The neurodegenerative process affects primarily the striatocortical, cortico-cortical, and limbic intrinsic/inhibitory circuitries (Masliah et al. 1996a, b) . It is not known if these circuitries are affected simultaneously or if there is a temporal progression of the neurodegenerative process from one site to another. The neuronal populations most severely affected in these regions include large pyramidal neurons in the neocortex, (Budka et al. 1987; Everall et al. 1991; Wiley et al. 1991a, b; Masliah et al. 1992b Masliah et al. , 1997 Weis et al. 1993 ) spiny neurons in the putamen, (Masliah et al. 1992b (Masliah et al. , 1996a mediumsized neurons in the globus pallidus, and interneurons in the hippocampus (Masliah et al. 1992b; Fox et al. 1997) . Consistent with these neuropathological studies, analyses of the brains of AIDS patients and observations in animal models show similar alterations in neuronal markers such as decreased N-acetyl-aspartate evidenced by nuclear magnetic resonance spectroscopy (Wilkinson et al. 1997; Marcus et al. 1998; Gonzalez et al. 2006) as well as extensive loss of synapses and dendrites in the hippocampus, neocortex and striatum (Toggas et al. 1994; Lipton et al. 1995; .
While approximately 70 % of HIVE patients show cognitive impairment and neurodegeneration, the remaining 30 % are cognitively unimpaired and their neuronal populations are well preserved (Everall et al. 1992 (Everall et al. , 1999 Masliah et al. 1996a, b; Cherner et al. 2002 Cherner et al. , 2007 . Such observations suggest that among the factors responsible for relative sparing of neurons and cognition, these individuals may have the capacity to produce neurotrophic factors capable of protecting neurons against the deleterious effects of HIV. Based on the complex relationship between HAND and HIVE, currently four groups of patients are recognized (Gelman et al. 2012 ): 1) without HIVE or neurodegeneration (HIVE−ND−); 2) without HIVE, but with neurodegeneration (HIVE−ND+); 3) HIVE, without neuronal degeneration (HIV+ND) and 4) HIVE and with extensive degeneration (HIV+ND+) (Fig. 4) . Neurodegeneration in the absence of HIVE and/or an inflammatory process in the brain might be observed in cases where cART has reduced viral burden to undetectable levels, but the antiretroviral agents are also triggering neuronal toxicity. Regarding those patients with HIVE but without neurodegeneration (group 3), it has been proposed that enhanced production of neurotrophic factors might contribute to the protection of the CNS from HIV toxicity (Everall et al. 2001; Langford et al. 2002a ). Among such factors are the FGF family that includes at least 13 trophic factors important in neurogenesis and angiogenesis Reuss and von Bohlen und Halbach 2003) . Of interest in the brain are FGF1 (acidic, aFGF) that is produced by neurons and is primarily neurotrophic, and FGF2 (basic, bFGF) that is produced by glial cells and is angiotrophic (Walicke and Baird 1988; Walicke 1989; Eckenstein 1994; . Increased expression of FGF1 ameliorates the neurotoxic effects of HIV proteins (Everall et al. 2001 ). In cases with HIVE but without degeneration, FGF1 levels were significantly elevated. In contrast, individuals with both HIVE and neurodegeneration showed low levels of neuronal FGF1 immunoreactivity (Everall et al. 2001; Crews et al. 2009 ). Studies in primary human neuronal cultures treated with the HIV envelope protein showed that FGF1 was protective against gp120 neurotoxicity in a dose-dependent manner (Everall et al. 2001 ) and FGF1 overexpression ameliorated neurodegeneration in the gp120 tg mice (Crews et al. 2009 ). Fig. 3 HIV-induced neuropathology is increased in brains from HIV patients over the age of 50. a MAP2 immunostaining shows neuronal atrophy and discontinuous processes during HIVE, and more so in HIVE brains over the age of 50. b MAP2 signal intensity is decreased in HIVE brains compared to HIV brains in both age groups, but HIVE brains from patients over 50 years of age show the least MAP2 immunostaining. c Viral load, as estimated by p24 levels, is decreased in brains of HIVE patients over the age of 50. d CD68 immunostaining, representing activated infiltrating monocytes and microgia, is more robust in brains from HIVE patients and is the most intense in those over the age of 50. e Astrogliosis is increased in brains of HIVE patients, with the most intense signal in brains from HIVE patients over the age of 50. *p<0.05 by unpaired student T test Fig. 4 Classification of HIV infected patients according to presence of HIVE. Based on the complex relationship between HAND and HIVE, currently four groups of patients are recognized (Gelman et al. 2012 ): 1) without HIVE or neurodegeneration (HIVE-ND-); 2) without HIVE, but with neurodegeneration (HIVE−ND+); 3) HIVE, without neuronal degeneration (HIV+ND) and 4) HIVE and with extensive degeneration (HIV+ND+) In addition to the damage to neurons, the cytotoxic HIV protein, gp120, damages endothelial cells of the blood brain barrier (BBB), thereby compromising its integrity that may lead to migration of HIV-infected cells into the brain (Nakamuta et al. 2008; Yang et al. 2009 ). FGF2, produced primarily by astrocytes, promotes endothelial cell fitness and angiogenesis. We have previously shown that exposure of endothelial cells to gp120 resulted in dose-and timedependent cell death; whereas, pretreatment of endothelial cells with FGF2 protected cells from gp120 angiotoxicity (Langford et al. 2005) . Using both pharmacological approaches and gene transfer of constitutively active ERK-1, we showed that FGF2-mediated angioprotection against gp120 toxicity is regulated via ERK signaling (Langford et al. 2005) .
Aside from damage to synapses, dendrites, endothelial cells and neuronal loss, recent studies have shown that patients with HIVE display defects in adult neurogenesis in the hippocampus (Avraham et al. 2013; Lee et al. 2013 ). Similar alterations have been observed in HIV-gp120 tg mice (Okamoto et al. 2007 ). These mice display decreased proliferation and survival of neuronal precursor cells (NPC's) (Okamoto et al. 2007 ). Transgenic over-expression of FGF1 (Crews et al. 2009 ) recovers the neurogenesis defects in gp120 mice as indicated by increased doublecortin expression levels (Langford et al. 2005) (Fig. 5) .
The mechanisms for defective neurogenesis in HIVE might involve neurotoxicity of gp120, vpr and tat to NPC involving neurotrophic factor dysregulation and signaling defects. In HIVE, alterations in GSK3β (Maggirwar et al. 1999; Nguyen et al. 2009; Kehn-Hall et al. 2011 ) and CDK5 Lee et al. 2013 ) play important roles (Fig. 2) . Abnormal activation of CDK5 is associated with neurodegenerative disorders, and recently a critical role for CDK5 in adult neurogenesis was identified (Lee et al. 2013 ). Abnormal CDK5 activation in an in vitro model of adult neurogenesis resulted in hyperphosphorylation of collapsin-response mediator protein-2 (CRMP2) and impaired neurite outgrowth. Inhibition of CDK5, or expression of a nonphosphorylatable (S522A) CRMP2 construct reduced CRMP2 hyperphosphorylation, and reversed neurite outgrowth deficits. CRMP2 plays a role in microtubule dynamics; therefore we examined the integrity of microtubules in this model using biochemical and electron microscopy techniques. We found that microtubule organization was disrupted under conditions of CDK5 activation. Likewise, CDK5-mediated CRMP2 phosphorylation was significantly increased in the hippocampus of patients with HIVE and in gp120 transgenic mice, and these effects were rescued by genetic downmodulation of CDK5 in the mouse model . These results reveal a functional mechanism involving microtubule destabilization through which abnormal CDK5 activation and CRMP2 hyperphosphorylation might contribute to defective neurogenesis in neurodegenerative disorders such as HIVE .
Taken together, these results support the notion that trophic factors, such as FGF1 and FGF2, might protect the CNS from the neurotoxic effects of HIV.
Alterations in neurotrophins in HIV encephalitis
NGF is an original member of the neurotrophin family, and the first to be identified (Levi-Montalcini 1987) . Overall, NGF promotes survival of cholinergic neurons (Liberini et al. 1993) , neurogenesis (Frielingsdorf et al. 2007 ), dendritic complexity and axon growth (Studer et al. 1994; Tuszynski et al. 1996) , while preventing neurodegeneration (Fig. 6) . NGF signals by binding to the tyrosine receptor kinase A (TrkA) receptor, which leads to activation of the cytoplasmic adaptor protein and activation of pro-survival pathways, including AKT and MAPK (Kaplan and Miller 2000) (Fig. 6) . Previous studies have shown that HIV tat For this experiment GFAP-gp120 tg mice were crossed with PDGF-FGF1 mice. Brain dentate gyrus sections were labeled with the doublecortin for detection of neuroblasts. Non tg and FGF1 tg mice display abundant neurogenesis in the dentate gyrus of the hippomouse. Gp120 tg mice have decreased neurogenesis, but FGF1 overexpression in gp120 mice reverses this pathology. b Total neuroblast numbers were statistically equivalent in non tg mouse brains from untreated and FGF1 tg mice. Total neuroblast numbers were decreased by 50 % in gp120 tg mouse brains, and FGF1 overexpression recovered levels to near that of control. *#p<0.05 by one-way Anova with posthoc Fisher test suppresses the NGF-mediated differentiation of PC12 rat pheochromocytoma cells (Zauli et al. 1994) , suggesting that HIV proteins may interfere with NGF signaling. NGF stimulation promotes CXCL-12 attraction of monocytes but decreases HIV replication in the attracted population (Samah et al. 2009 ). Hence, NGF activity may be important for regulating viral replication in non-neural cells during HIV infection. However, a later report showed that NGF reduced apobec3g synthesis and enhanced HIV-1 transcription and replication in human primary macrophages (Souza et al. 2011) . It is plausible that NGF has variable effects on different cell types, and its effects on neuronal cells may be supportive or deleterious depending upon direct or indirect interactions. Most recently, it was reported that NGF/TrkA signaling or p75 receptor inhibition protected somatic sensory neurons exposed to Vpr (Webber et al. 2013) . Overall, these data suggest NGF is neuroprotective when directly interacting with a neuron, but may indirectly result in neurodegeneration through normal processes involving recruitment of immune cells and enhancement of viral replication.
Pro-NGF is the precursor protein of NGF and is the most abundant form of NGF in the brain (Fahnestock et al. 2001; Peng et al. 2004 ). Pro-NGF can undergo proteolytic cleavage by a family of mammalian processing enzymes called proprotein convertases (Seidah and Chretien 1999; Fugere and Day 2005) (Fig. 7a) . To date there are nine known convertases (Seidah and Chretien 1999; Fugere and Day 2005) with furin being the most thoroughly documented. Moreover, the furin recognition site (R118-S-K-R121) has been reported as essential for the proper processing of pro-NGF to the mature form of NGF (Lim et al. 2007 ). Likewise, pro-BDNF is cleaved by furin to generate mature BDNF (Fig. 7b) .
Unlike the neurotrophic effects associated with the mature form of NGF and BDNF, pro-NGF has been reported to have pro-apoptotic effects mediated by the p75 neurotrophin receptor (Harrington et al. 2004; Pedraza et al. 2005; Podlesniy et al. 2006) . A recent report suggested that pro-NGF observed in AD brains has undergone oxidative modifications by advanced glycation and lipid peroxidation that inhibit the processing of pro-NGF to its mature form, thereby resulting in an imbalance between the precursor and mature forms of the protein (Kichev et al. 2009 ). This altered processing favors the pro-apoptotic cascade mediated by enhanced levels of pro-NGF and is also consistent with the reduced levels of NGF and cholinergic degeneration observed in models of AD Cuello et al. , 2010 Cuello and Canneva 2008) . Like pro-NGF, pro-BDNF induces apoptosis in peripheral neurons, and helps with longterm depression as opposed to long-term potentiation induced by mature BDNF in the hippocampus Woo et al. 2005) .
BDNF is a member of the neurotrophin family that includes NGF and the neurotrophins 3 and 4/5 (Fig. 6 ). Like NGF, BDNF supports neural survival, growth and differentiation in Fig. 6 Nerve growth factor signaling and levels in brains of HIV patients. a Pro-growth factors and pro-neurotrophins signal p75, once processed the mature NGF, BDNF or NT signal through the trk (A, B or C) receptors to enact cellular processes. b Several growth factors and neurotrophins are altered in brains of HIV patients Fig. 7 HIV proteins inhibit processing of pro-growth factors. a Furin is a protease that cleaves pro-NGF to the active form of NGF. b Furin is a protease that cleaves pro-BDNF to the active form of BDNF. HIV tat and gp120 may prevent furin processing of pro-NGF and pro-BDNF thereby preventing pro growth properties and initiating pro apoptotic properties in neurons several parts of the CNS and peripheral nervous system (PNS), but in contrast to NGF, BDNF acts through binding to the TrkB receptor (Chao 2003; Chao et al. 2006) (Fig. 6) . Recent evidence has shown that BDNF is neuroprotective against gp120 both in vivo and in vitro (Bachis et al. 2003) . Studies suggest that BDNF exerts its protective effects by regulating neuronal expression of the HIV co-receptor, CXCR4. (Bachis et al. 2003) . BDNF binds to the tyrosine kinase receptor, TrkB, and induces its dimerization (Chao 2003; Chao et al. 2006) . In turn, phosphorylation of ERK decreases the expression of CXCR4, by inhibiting caspase-3 . Following the binding of HIV-gp120 to the CD4 receptor, secondary interactions with CXCR4 facilitate viral entry into permissive cells. In neurons expressing CXCR4, binding of gp120 induces the caspase cascade resulting in neuronal apoptosis (Bachis et al. 2003) . In vitro and in vivo studies indicate that BDNF induces CXCR4 internalization and blocks caspase-3 (Bachis et al. 2003; Mocchetti and Bachis 2004; Mocchetti et al. 2007 Mocchetti et al. , 2008 . Interestingly, CXCR4 internalization is also induced by FGF1 (Sanders et al. 2000) , suggesting that neuroprotective properties of some neurotrophic factors may share common mechanisms (Fig. 6b) .
Downregulation of BDNF may be responsible for neurodegeneration associated with HIV infection. gp120 and TNF-α, a proinflammatory cytokine common in HIVE, reduce the anterograde transport of BDNF, reduce intracellular stores and stimulate the NMDA receptor, leading to reduced neuronal survival (Bachis et al. 2003; Nosheny et al. 2004) (Fig. 6b) . HIV also prevents BDNF activity by a more indirect route through stimulating TNF-α expression. TNF-α prevents glucocorticoid receptor (GR) activity and thereby reduces hippocampal neurogenesis. Specifically, TNF-α increases expression of inactive GR-β and decreases expression of GR-α, which is the active form (Miller et al. 2009; Hasler 2010; Raedler 2011) . Hence, HIV-induced neuroinflammation indirectly leads to neurodegeneration by silencing GR activity. GR regulation of BDNF is important for hippocampus campus structure and functional plasticity (Suri and Vaidya 2013) . Furthermore, BDNF reduces CXCR4 expression, effectively reducing infection of microglia and astrocytes in the CNS (Nosheny et al. 2004 ). This pro-survival effect may be minimized as HIV also decreases levels of BDNF in lymphocytes, which leads to T-cell apoptosis and possibly neurodegenerative processes (Avdoshina et al. 2011 ). More recent data suggests that gp120 reduces pro-BDNF processing in neurons by reducing furin levels and effectively altering the balance of anti-apoptotic and pro-apoptotic neurotrophins (Bachis et al. 2012) (Fig. 7b) . These data were recently corroborated by reports showing reduced neurite out growth and impaired neurogenesis is reversed by exercise via BDNF production in a gp120 mouse model (Lee et al. 2013) . Together this evidence suggests that therapies directing BDNF to neurons may be effective in treating neurodegenerative disorders (Figs. 6 and 7) .
Findings in earlier studies suggest BDNF and NGF could be elevated in brain tissues of HIV patients (Boven et al. 1999) . In HIV patients with HAND, levels of FGF2 and BDNF were lower CSF than levels in control patients; whereas, levels of NGF were elevated in HIV patients with HAND compared to control (Albrecht et al. 2006) . Differences in neurotrophin levels in the brain among recent studies could be attributed to collection of the specimens, measurement techniques, genetics or a number of other variables. Interestingly, another study showed that gp120 cooperates with BDNF to enhance somatostatin neurotransmission in HIVE, which otherwise is severely impaired in disease (Barnea et al. 1999 ). In addition, NGF and BDNF play important roles in neuronal survival in HIV infection by activating the NF-κB, thereby inducing expression of the anti-apoptotic Bcl-2 gene to protect neurons from the pro-apoptotic effects of HIV-tat (Ramirez et al. 2001) . On the other hand, gp120 has been shown to affect the expression of both NGF and nitric oxide synthase in rodent models of HIV disease (Bagetta et al. 1996; Corasaniti et al. 1998) . Also, the tat has been shown to cooperate with p35 signaling in neurons to dysregulate the NGF pathway, thereby disrupting neuronal survival and differentiation (Peruzzi et al. 2002; Darbinian et al. 2008) .
During aging and in neurodegenerative disorders such as Alzheimer's Disease (AD) both NGF (Gage et al. 1989 Perry 1990; Kerwin et al. 1991 Kerwin et al. , 1992 and BDNF (Mufson et al. 1989; Mufson and Kordower 1992; Poon et al. 2013 ) transport and metabolism (Scott et al. 1995; Peng et al. 2004; Schindowski et al. 2008; Ye et al. 2012 ) are affected resulting in degeneration of selected neuronal populations in the basal nucleus of Meynert and hippocampus, respectively. For this reason, recent experimental therapies for AD have been directed at developing strategies to increase the expression of neurotrophic factors (Tuszynski et al. , 1996 (Tuszynski et al. , 1998 (Tuszynski et al. , 2005 Tuszynski 2003; Blurton-Jones et al. 2009; Nagahara et al. 2009 ).
Given the contribution of aging to HAND, it is important to understand how aging and HIV interact to affect neurotrophins. To better understand the contributions of aging to HAND, we recently characterized a group of HIVand HIVE patients below and above 50 years of age (Fields et al. 2013 ). The young (<50) and aged (>50) HIVE patients had higher viral loads, increased neuroinflammation and neurodegeneration as characterized by astrogliosis, monocytic infiltration and discontinuous MAP2 immunostaining; however, aged HIVE postmortem brain tissues showed the most severe neurodegenerative pathology. Interestingly, young HIVE patients displayed increased beclin-1, cathepsin-D and LC3, but these autophagy markers were reduced in older HIVE patients compared to age-matched HIV+controls. Similar alterations in autophagy markers were observed in aged gp120 transgenic (tg) mice (Fields et al. 2013) . These data indicate differential alterations in the autophagy pathway in young versus older HIVE patients, and that autophagy reactivation may ameliorate the neurodegenerative phenotype in these patients. We have now investigated the levels of various growth factors in the neocortex of young and old patients with HIVE. We observed that in older patients with HIV or with HIVE there was a decrease in BDNF and an increase in pro-BDNF. The levels of NGF were decreased in older HIV patients as well as in young and old patients with HIVE, with a concomitant increase in pro-NGF (Figs. 6b and  8) . In contrast, levels of glial derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF) were not affected (Fig. 8) .
Overall, these results are consistent with the concept that during aging and in HIVE there is a defect in the maturation and transport of NGF or BDNF that could play a role in neurodegeneration and might be a target for improved therapeutics (Fig. 6 ).
Alterations in other trophic factors in the brains of patients with HIV GDNF is produced by glial cells and promotes survival of many types of neurons including dopaminergic and motor neurons (Lin et al. 1993 ). Similar to effects on BDNF, gp120 reduces GDNF expression and causes apoptosis in the substantia nigra (Nosheny et al. 2006 ). Conversely, tat-GDNF fusion proteins rescue dying neurons after optic nerve transection and protect mice after focal cerebral ischemia Yulug et al. 2004) . Aside from neurotrophic factors, HIV interaction with other growth factors may indirectly affect neurodegeneration. HIV-1 enhances hepatitis-C virus infection by increasing expression of transforming growth factor-β (TGFβ)-related genes while decreasing expression of interferon (IFN)-related genes : Lin, 2008 . These data illustrate that HIV interacts with many growth factor pathways, which results in variable effects depending upon cell type and cellular processes involved.
Platelet-derived growth factor (PDGF) mediated neuroprotection against both gp120 and tat was reported in studies with SHSY-5Y neuroblastoma cells (Peng et al. 2008a, b; Zhu et al. 2009 ). Pathways through which PDGF protects differentiated neurons from gp120 and tat both involve blocking apoptosis, however, the signaling cascades differ. For example, PDGF protects neurons from gp120-mediated toxicity via the PI3K/AKT/GSK3β pathway (Peng et al. 2008a, b) . On the other hand, neurons are protected from tat by PDGF regulation of extracellular glutamate and intracellular calcium levels (Zhu et al. 2009 ). Further studies showed that intra-striatal delivery of PDGF in mice protected dopaminergic neurons in the substantia nigra from tat toxicity via transient receptor potential canonical channel signaling ). Through molecular mimicry, the virus or viral proteins can exploit the host cell machinery by binding to host cell receptors to disrupt normal host cell signaling (Asensio and Campbell 1999; Langford et al. 2002b) . For example, the HIV-encoded angiogenic tat peptide mimics signaling properties of vascular endothelial cell growth Fig. 8 Growth factor levels in brains of HIV and HIVE patients below and above 50 years of age. a Immunoblot analysis of growth factors in the neocortex of HIVand HIVE patients below and above the age of 50 show NGF and BDNF signal is more intense in brains from patients below 50 years of age. In contrast, pro-NGF and pro-BDNF signal is increased in brains from patients above 50 years of age. GDNF and CNTF levels appear to be unchanged. Densitometry analysis shows: b BDNF levels are decreased by 70 % in brains from patients above 50 years of age for HIV and HIVE c pro-BDNF levels are increased 4-and 3-fold in brains of patients above 50 years of age diagnosed as HIV and HIVE, respectively d NGF levels are decreased by 75 % in brains of HIV patients above the age of 50, but NGF levels are equivalent in HIVE brains below or above 50 years of age. e Conversely, pro-NGF levels are increased by 2-fold in brains from HIV patients above the age of 50 and were elevated in HIVE brains from patients above and below 50. These data suggest HIV may manipulate growth factor processing in a way that promotes neurodegeneration. *#p<0.05 by one-way Anova with posthoc Fisher test factor (VEGF) by binding to the VEGF receptor on cerebral endothelial cells to activate MAP kinase activity and angiogenesis (Scheidegger et al. 2001) . Studies also indicate that tat mimicry of VEGF correlates with increased microvessel density in AIDS-related diffuse large B-cell and Burkitt lymphomas (Nyagol et al. 2008) . Molecular mimicry by HIV proteins also includes exploitation of chemokine receptors by both tat and gp120 to promote viral infection of host cells (Berger et al. 1999a, b; Murphy 2001) . Numerous examples of viral mimicry exist and include homologues of cytokines, chemokines, neurotrophic growth factors or their receptors (Lalani and McFadden 1999; Alcami and Koszinowski 2000; Murphy 2001) leading to the dysregulation of host-mediated immune responses. In conclusion, trophic factors and viral proteins convergence to modulate host response to neurodegenerative infectious diseases. Increasing evidence supports roles for neuro-regulatory interactions of trophic factors with HIV in the CNS, providing potential targets for the development of new therapeutic approaches.
Materials and methods

Study population
Briefly, as previously described (Fields et al. 2013) , for the present study we included a total of 12 HIV+cases, of which 6 are below 50 years (yr) and 6 are above 50 years from the HIV Neurobehavioral Research Center and California Neuro acquired immunodeficiency syndrome (AIDS) Tissue Network at the University of California, San Diego. Cases had neuromedical and neuropsychological examinations within a median of 12 months before death. The diagnosis of HIV encephalitis was based on the presence of microglial nodules, astrogliosis, HIV p24-positive cells, and myelin pallor.
Generation of FGF-1 tg mice
To determine the effects of FGF1 on HIV-induced neuropathogenesis an animal model of HIV-protein mediated neurotoxicity, gp120 tg expressing high levels of gp120 under the control of the glial fibrillary acidic protein (GFAP) promoter (Toggas et al. 1994 ) was crossed with PDGF-FGF1 tg mice (Crews et al. 2009 ). A total of six mice per group, 4-5 months of age, were utilized for neuropathological analysis that was performed as previously described (Crews et al. 2009; Fields et al. 2013 ).
Antibodies
For immunohistochemical and immunoblot analysis of growth factor expression and neurodegeneration, polyclonal antibodies against microtubule associated protein (MAP) 2 (MAP378, 1:250, Millipore), p24 (04101, 1:1000, Trinity biotech) CD68 (M0876, 1:1000, DAKO) GFAP (MAB3402, dilution 1:500, Millipore), doublecortin (sc-8066, 1:500, Santa Cruz Biotechnology Inc.), BDNF (BML-SA665, 1:1000, Enzo Life Sciences), pro-BDNF (sc-65514, 1:1000, Santa Cruz Biotechnology Inc.) NGF (N6655, 1:1000, Sigma), pro-NGF (04-1142, 1:1000, Millipore), GDNF (GF030, 1:1000, Millipore), CTNF (MAB338, 1:1000, Millipore) and actin (A5441, 1:1000, Sigma) were obtained.
Immunoblot analysis
Frontal cortex tissues from human brains were homogenized and fractionated using a lysis buffer (1.0 mmol/L HEPES, 5.0 mmol/L benzamidine, 2.0 mmol/L 2-mercaptoethanol, 3.0 mmol/L EDTA, 0.5 mmol/L magnesium sulfate, 0.05 % sodium azide; final pH 8.8). In brief, as previously described, (Fields et al. 2013 ) tissues from human brain samples (0.1 g) were homogenized in 0.7 mL of fractionation buffer containing phosphatase and protease inhibitor cocktails (Calbiochem, San Diego, CA). Samples were precleared by centrifugation at 5,000×g for 5 min at room temperature. This supernatant was collected and assayed for protein concentration.
After determination of the protein content of all samples by BCA Protein assay (Thermo Fisher Scientific, Rockford, IL), homogenates were loaded (20 μg total protein/lane), separated on 4-12 % Bis-Tris gels and electrophoresed in 5 % HEPES running buffer, and blotted onto Immobilon-P 0.45 μm membrane using NuPage transfer buffer. The membranes were blocked in either 5 % nonfat milk/1 % BSA in phosphate buffered saline (PBS)+0.05 % Tween-20 (PBST) or in 5 % BSA in PBST for 1 h. Membranes were incubated overnight at 4ºC with primary antibodies. Following visualization, blots were stripped and probed with a mouse monoclonal antibody against Actin (1:2000, mab1501, Millipore, Billerica, MA) as a loading control. All blots were then washed in PBST, and then incubated with secondary species-specific antibodies (American Qualex, 1:5000 in BSA-PBST) and visualized with enhanced chemiluminescence reagent (ECL, PerkinElmer). Images were obtained and semi-quantitative analysis was performed with the VersaDoc gel imaging system and Quantity One software (Bio-Rad).
Immunohistochemistry, image analysis and laser scanning confocal microscopy Briefly, as previously described (Fields et al. 2013) , freefloating 40 μm thick vibratome sections were washed with Tris buffered saline (TBS, pH 7.4), pre-treated in 3 % H 2 O 2 , and blocked with 10 % serum (Vector Laboratories, Burlingame, CA), 3 % bovine serum albumin (Sigma), and 0.2 % gelatin in TBS-Tween (TBS-T). For human brains, sections from the midfronal cortex were used; for the mice sagittal sections from the complete brain were studied. Sections were incubated at 4°C overnight with the primary antibodies. Sections were then incubated in secondary antibody (1:75, Vector), followed by Avidin D-horseradish peroxidase (HRP, ABC Elite, Vector) and reacted with diaminobenzidine (DAB, 0.2 mg/ml) in 50 mM Tris (pH 7.4) with 0.001 % H 2 O 2 . Control experiments consisted of incubation with preimmune rabbit serum.
Immunostained sections were imaged with a digital Olympus microscope and assessment of levels of p24, CD68, GFAP and doublecortin immunoreactivity was performed utilizing the Image-Pro Plus program (Media Cybernetics, Silver Spring, MD). For each case a total of three sections (ten images per section) were analyzed in order to estimate the average number of immunolabeled cells per unit area (mm 2 ) and the average intensity of the immunostaining (corrected optical density).
Neuronal structural integrity was evaluated as previously described (Rockenstein et al. 2005a, b) . For confocal images (MAP2) all sections were processed simultaneously under the same conditions and experiments were performed twice for reproducibility. All sections were processed under the same standardized conditions. The immunolabeled blind-coded sections were serially imaged with a laser scanning confocal microscope (MRC-1024; Bio-Rad) and analyzed with ImageJ v1.43 software (NIH, Bethesda, MD), as previously described (Crews et al. 2010 ). For each case, a total of three sections were analyzed; for each section, four fields in the frontal cortex were examined. Results were expressed as percent area of the neuropil occupied by immunoreactive signal. All sections were processed under the same standardized conditions. Immunostained sections were imaged with a digital Olympus microscope and the Image-Pro Plus program (version 4.5.1, Media Cybernetics).
Statistical analysis
All the analyses were conducted on blind-coded samples. After the results were obtained, the code was broken and data were analyzed with the StatView program (SAS Institute, Inc., Cary, NC). Comparisons among groups were performed with one-way ANOVA, unpaired Student's T test and Chi square analysis. All results were expressed as mean± SEM. The differences were considered to be significant if p values were <0.05.
Role of the funding source The funding source had no role in the study design, data collection, data analysis, data interpretation or writing of this report. The corresponding author had full access to all the data and had final responsibility for the decision to submit the paper for publication. 
